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1. INTRODUCTION 

Modern electronic systems are mostly digital due to the advantages of digital systems over analog 
ones. At the same time, analog subsystems are often used in such systems, especially in signal processing 
channels before their digitization, in audio equipment, power supply systems, and many others. Each of these 
systems is characterized by a variety of processes for converting continuously variable signals. Any 
formalized process in its representing includes heterogeneous signal conversion processes. They can be 
presented in the form of schemes, algorithms, equations or functional blocks, for example, in 
MATLAB/Simulink [1]. Therefore, for each transformation process, its own method of formal description 
has been developed, which has led to the emergence of a large number of methods for analyzing signals and 
systems in each of the various areas of electronics. Since information technology is associated with 
processes, collecting, storing, processing, disseminating information, and implementing, e.g. processes and 
methods. We can say that they are “materialized carriers” of various information, and the carrier itself that 
exists is a formalized record of this information [2]. Systems analysis points to the fact that signal processing 
systems, in this case analog, must be designed according to certain principles. Therefore, the urgent task is to 
create a mathematical model that can combine the methods of describing signal conversion processes (SCP) 
with elements of different nature. 

Therefore, one of the main tasks of information technology, as noted in [3]-[5], is the improvement 
of existing methods and the development of a new approach for the formal recording of different logical and 
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dynamic operations of analog and digital signal conversion in electronic control systems, information 

collection, and processing. The fact that the stage of the formal recording of any SCP should be presented in 

the form of analytical symbols, which in its sequence should form a fully functional mathematical model [5], 

[6]. In this case, the main quality of the final model of analog signals is to minimize the verbal description of 

its content [7]. In addition, the development of grapho-analytical solutions as applied to electronic systems of 

analog data processing will allow analyzing the processes of arguments transformation at the information- 
quality level. Also there is the need to improve the quality of formalized analysis of signal conversion. The 
result of the analysis can be an assessment of the speed of one or another project solution. This leads to 
improving the structures and methods of data processing in analog electronic systems. The advantages and 
disadvantages of different methods to solve the optimization problems are introduced in [8]. In detail, one of 
the problems with optimization algorithms is to limit the applicability of the given method, and this is due to 
the characteristics of the processes that occur in systems of a different physical nature. The lack of a unified 
mathematical model for describing processes in systems of different physical nature necessitates research in 
this direction. This was also confirmed by the study [9], which indicated that the analysis of the system at 
different levels of decomposition requires the use of different methods. One of the methods of analyzing 
electronic systems is the method of creating algorithms and topology diagrams. But these methods do not 
allow the implementation of these actions at a formalized level. The process of assembling high-speed 

elements that performs arithmetic operations is considered [10]. Structural diagram is used to describe a 

system. At the same time, there is no formal description of data transformation processes, which makes it 

difficult to understand the principles of information transformation that the system performs. This is due to 
the fact that they are not functionally complete mathematical models that have an analytical form of writing. 

In addition, they are also not grapho-analytical expressions of the analyzed logical-dynamic process of 

transforming input signals. 

One of the possible ways to improve the quality of analysis of dynamic logical operations while 
increasing the information content is analytical and grapho-analytical methods. These methods are 
successfully used in the design and analysis of hierarchical software systems, as described in [11]. Based on 
that, it becomes possible to analyze the correctness of conversion processes in different control systems. 
However, the methods considered in [11] are not applicable to the analysis of analog electronic systems. 
Since the analytical form of the description of the system is necessary for the subsequent formal 
improvement of a particular process, it is necessary to make the mathematical model of the electronic system 
easy to write and provide it with the maximum information content. The research results presented in [12], 
[13] confirm the advantage of using formal methods and models developed in the analysis and improvement 
of control systems. Nevertheless, these methods need development, taking into account the peculiarities of 
the performance and methods of displaying information in analog electronic systems. Thus, the analysis of 
the recent researches has shown that currently there is unrealized potential for the development methods to 
analyze data conversion processes occurring in analog electronic systems. In detail, the problem of the 
analytical description of the processes of continuous arguments transformation with the aim of its optimizing 
remains unresolved, which confirms the relevance of the chosen direction of research. 

The aim of this paper is to improve the method of building mathematical models of electronic circuit 
components for their presentation in graph-analytical form with increased information content for their 
further integration with object-oriented programming language in the form of functional structures and 
solving problems of analysis and modeling of electronic systems. To achieve the goal set in the work it is 
necessary to solve the following tasks: 

— Analyze the classical methods of forming mathematical models of electronic circuits and identify possible 
ways to improve them for the formation of mathematical models with "analog" form of information, 
which are based on the functional structures of the elements of electronic circuits. 

— Propose notation and develop functional structures of resistor function f(R), operational amplifier f(OA), 
semiconductor functions f(n-p-n) and f(p-n-p), which can be written in the form of graph-analytical 
expressions, and at another level of understanding carry information on the logic of signal conversion in 
electronic systems. 

— To develop software in which the developed functional structures of elements of various electronic 
circuits (amplifiers and active filters built on the basis of the operational amplifier, the amplifier cascade 
with the general emitter) and methods of their parametric analysis for research of influence of external 
factors on separate indicators and parameters of electronic systems that characterize the processes of their 
functioning. 

The developed circuit solutions of functional structures for the transformation of arguments with the 
"analog" form of information presentation do not belong to the category of analytical form of recording 
specific logical-dynamic processes. On their basis, not only various arithmetic transformations can be 
performed, such as adding and multiplying arguments, but also procedures for controlling and managing 
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various technological processes. And if for digital argument structures the analytical form of record of 
various logical functions was formed and rules of transformation of their functional structures were formed 
[14], [15], and for analog arguments it is also necessary to form the analytical form of record of various 
functional structures in which the basic elements are functional structures of operating amplifier AOA), 
resistor f(R) and semiconductor elements f(n-p-n) and f(p-n-p). It should be added that the method of 
synthesis of grapho-analytical models of logical-dynamic processes of signal conversion in digital systems, 
and the corresponding notation, was first developed and proposed by a talented Ukrainian inventor 
L. P. Petrenko. 


2. RESEARCH METHOD 

From the analysis of the conditional graphic notation of the operational amplifier (OA) and its real 
content, it follows that if you use only analytical symbols, it can be written in the form of a graph-analytical 
expression presented in Figure 1. The graphic symbol is written as a system symbol (}) with input and output 
functional connections f(—). In this case, the functional input links are specified by additional symbols "+" 
and "-", and have a unique meaning, which is accepted when writing in the graphic image of OA. A similar 
result can be obtained for other functional structures (resistor, capacitor, diode, transistor). The functional 
structure AOA) with negative feedback can be written in the form of a grapho-analytical expression in Figure 2. 


(OA) > Uont 


Uim 


Figure 1. Representation of the operational amplifier in grapho-analytical form 
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LUout > (-) (=> UoutÎ Uin 2 
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Figure 2. Grapho-analytical model of the functional structure of OA with negative feedback 


From the comparative analysis of the analytical expression of the functional structure AOA) with 
negative feedback and its graphical record, it follows that they are equivalent in their content, because as 
feedback in the analytical expression recorded the resulting argument UoswÎ with interrupted functional 
connection, and the same argument |U,.; at the conditionally negative input of the system of functional 
structure AOA). A variant of the functional structure OA) with adjustable negative feedback can be 
represented as a grapho-analytical expression presented in Figure 3. The functional structure of the inverting 
adder, made using f(OA), can be written in the form of a grapho-analytical expression presented in Figure 4. 


Uin OW 


Uin > fi(Ratl) ? = 
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{i(Ratl).. } £,(OA) ven Da 


U —> (+) i ee Wout 


Figure 3. Grapho-analytical model of the functional structure of the amplifier 


A feature of the model is the presence of additional positive (+) and conditionally negative (-) input 
connections of the functional structure f(OA). These additional connections of the functional structure f(OA) 
correspond to the combination of the currents of the resistor functions. The logic of formation of the 
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functional structure of the inverting adder does not differ significantly from the logic of formation of the 
considered grapho-analytical model. 


Ui > fRi) > 

Uj fR) +.) 

Uk f(Rx) me f= Uout 
{f(R») + “ ROA) 


Us > f(Ro) > +) 


Figure 4. Grapho-analytical model of inverting adder 


This approach can be used to write the functional structures f(R) of conductors that form the current 
Ir between the arguments U4 or -Ug, which are the structures of the conversion of external voltage in the form 
of arguments +U4. Therefore, for the correct interpretation of the logical-dynamic processes of current 
conversion in its structure, they must be written in the form of analytical expressions. For example, the 
functional structure of the resistor function f(R) can be written in the form of grapho-analytical expressions 
presented in Figure 5. 


Ua si Ua 
tees a Ug ? r > Up oO Rı 
A uf Ri | | {Ir Un) Th 


Ur Uo—(k) =- io Uo 


Figure 5. Grapho-analytical models of the functional structure of the resistor 


The current argument "Jr" is an intermediate argument of the functional structure f\(R), which, 
according to Ohm's algebraic law to form the argument of the potential difference Up performs the functional 
action of multiplying f(multiplication) of the current "Zr" by the functional structure fı(R). In this situation, 
the current "Jp" is essentially the value of the argument of the potential difference Ur, which depends on the 
specific value of the functional structure f\(R). If we write the analytical expression of the mathematical 
model that implements the procedure of forming the argument of the potential difference Ur in the form of a 
grapho-analytical expression (Figure 6), then its analysis shows that using the functional structure of the 
adder fi(X) ("voltmeter") form the argument of the potential difference (*Uro& Uo) —> Uro, which is formed 
using the functional structure fo(R). 

It should be noted that the additionally introduced functional structure fı(Rmax) performs the task not 
of generating the current "Jp", but the coordination of the possible dynamic range of change of the argument 
of the potential difference *Ua —> *Uo, which can be formed in the functional structure f|(R) and a fixed value 
of the possible dynamic range of the functional structure of the adder f\(X). If we write another algebraic 
expression of Ohm's law in the form of an algebraic expression presented in Figure 7(a), which performs the 
function f(division) of the value of the voltage argument *U4 on the value of the functional structure f;(R), the 
resulting argument will not be the current "Je", and the value of the argument of the potential difference AUp. 
The semiconductor functions f(n-p-n) and f(p-n-p) n-p-n and p-n-p structures can be written in the form of 
analytical expressions presented in Figure 8 respectively. 


Figure 6. The procedure for forming the argument of the potential difference 
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Figure 7. Presentation of the procedure for forming the potential difference (a) voltage dependent and (b) 
current dependent 
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Figure 8. Representation of (a) f(n-p-n) and (b) f(p-n-p) functional structures 


The symbols n-p-n and p-n-p are formalized to the symbols (|) — n-conductivity and (7) — p- 
conductivity between the functional connections of the collector current arguments Jc and the emitter current 
argument Jz in their system (}) and are completely equivalent to the graphical representation of transistors of 
corresponding conductivity. But if we take into account that in the schematics the currents Jc, Iz and base 
current Ig are usually not written, the proposed record of semiconductor functions in the form of analytical 
structure f(g, [c—Iz) and fz, Ic—Iz) contains the information about currents. This record is more consistent 
with the process implemented in semiconductor n-p-n and p-n-p structures when activating the arguments of 
the current Jc and Iz on one side of the system, and this activation is directly related to changing the argument 
of the base current Jz on the other side of semiconductor functions f(g, Ic Jz) and f(s, Ic <Iz). The 
functional input connections (|) and (ft) are the arguments of currents Jc, Iz, and the conductivity symbol (|) 
—n or (Î) — p, form a sequential structure of the transformation of current arguments in the structure of 
functions f(z, Ic Iz) and fUp, Ic Te). 

The symbol "R" in the analytical expression in Figure 7(b) of the "Ohm's Law", corresponds to the 
functional structure of n-p-n transistor, Figure 8(a), and p-n-p transistor, Figure 8(b). Therefore, in order to 
form a mathematical model of the Ohm's law in its structural and functional record of the analog logical- 
dynamic process of transformation of the input argument Ui, it is necessary to combine the analytical 
expressions presented in Figure 5 and Figure 9, in the general functional structure presented in Figure 9. 


Uj 
neh N * | Vout 
| PE SN 
TUin > vend, inne ~ 
Tg >Uo 


Figure 9. Correspondence between the analytical model and its circuit implementation 


In Figure 9 there is marked fU; — input voltage argument, and | Uou — converted voltage argument. 
From the analysis of the grapho-analytical expression in Figure 9, it follows that the analytical form of the 
record and the circuit implementation of the transistor amplifier are essentially completely equivalent, and 
are the process of converting the input argument { Uj, with a small level of analog signal into the resulting 
output argument | Uou with an increased level of analog signal, based on semiconductor fg, Ic Iz). From 
the analysis it also follows that on the one hand, any analog logical-dynamic process of argument 
transformation, which is formed at the level of the schematic diagram, can be written as a mathematical 
model at the analytical level. On the other hand, combining the above expressions in the grapho-analytical 
structure (Figure 10), we can say that the mathematical model of analog logical-dynamic process of argument 
transformation at the structural-functional level, and in its circuit implementation is completely equivalent to 
the Ohm's law. 
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Figure 10. Mathematical model of analog logical-dynamic process of argument transformation at the 
structural-functional level 


The functional semiconductor structure "f(g, Ic>Iz) & f(R)" essentially performs the procedure of 
multiplying f(multiplication) of the input current argument Uin —> Uin, Ig — "Ig" with the formation of the 
transformed voltage argument Uou. The peculiarity of the analytical form of the record (Figure 10) is that it 
clearly reflects the logic of formation of the transformed argument Uou at the level of arguments and 
functions, and this logic is written between two symbols of the system. Another feature of this analytical 
form of writing is that to clarify the functional relationship of arguments, you can write a grapho-analytical 
structure (Figure 11), which at another level carries information about the interdependent logic of argument 
transformation. 


J : +Ua- fle'Re > LUout 


tUin > Uin, IB { 
à > I; Up 


Figure 11. Functional relationship of arguments in the model 


The functional structure with the resistor function f(Rc) in the original grapho-analytical expression can also 
be written in accordance with its algebraic properties in the form of a sequential functional structure f- -): 


ARo) > f(Ri & Ro). 


Further, a functional structure with a resistor function f(R2) can be transferred by its functional 
connection, and form a useful property in the adjusted expression. In the mathematical model (Figure 11) it is 
possible to transfer the functional structure with the resistor function f(R2) according to the functional 
connections of the structure of the semiconductor function fc, Ig), and this procedure can be written as a 
grapho-analytical structure presented in Figure 12. 


4— tUa 
Reg à +Ua 
i{— i +U; . 
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V (Ice J! i= 
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Figure 12. Transfer of the resistor function f(R2) by functional connections of the structure of the 
semiconductor function fUc, Ig) 
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From the analysis of the given grapho-analytical models of systems of structural and functional 
signal conversion in electronic systems, it follows that in the synthesis of mathematical models of logical- 
dynamic processes of transformation of input arguments the procedure of additional introduction of 
functional structures that do not lead to non-equivalent transformation process was performed. But this 
introduction of additional functional structures has significantly expanded both the functional content of the 
logical-dynamic process of argument transformation, and structural and functional capabilities in the 
synthesis of a particular mathematical model. It should be noted that to form a useful property of the system, 
the functional structures must be moved by their functional relationships. The procedure for transferring only 
the resistor function f(R2) according to the functional connections of the structure of the semiconductor 
function fUc, Iz) is presented in Figure 13. 


«> {{--) | - +U; 
Ry 
+U,4(5) -> uann 
Rep Uou R: m [Uou Uin Tout 
ki- lis 
Vin re Iş | - [Vin ie Ving 4 
Iz >U, I; 3 Uo 


Figure 13. Transfer of resistor function f(R2) by functional connections of semiconductor function structure 


fdc, Ie) 


3. RESULTS AND DISCUSSION 

The method for describing signal conversion processes in analog electronic systems, considered in 
this paper, is a further development of the previous studies carried out by the authors, the results of which 
were published in [3]-[5], [13], [14]. The approach proposed by the authors expands the use of the method of 
synthesis of logical-dynamic processes mathematical models of control and data acquisition systems for its 
use in relation to analog electronic systems. By analogy with [14], [16], rules for describing electronic 
components and continuously variable signals were developed, which made it possible to apply the method to 
analyze systems of various physical nature, thereby partially solving the problems described in [8], [9], [17]- 
[21]. The versatility of the used mathematical apparatus also makes it possible to describe processes in 
electronic systems with varying degrees of detail. This opens up the possibility of a deep understanding of the 
processes occurring in electronic systems, and the proposed method serves as a tool for choosing the optimal 
circuit design in each specific case. The developed graphical-analytical models of electronic circuits are a 
convenient tool for their analysis. These models were integrated by the authors with an object-oriented 
programming language, which made it possible to develop appropriate software for parametric analysis of 
active filters, as well as for calculating and analyzing the position of the operating point of the amplifying 
stage, as shown in subsection 3.1 and 3.2. 


3.1. Software for parametric analysis of active filters 

One of the main stages of system design, in particular electronic systems, is parametric analysis. The 
parameter of the object is a value that characterizes some property of the object or the mode of its operation 
[22]. In the context of electronic systems, the object is an electronic circuit. The procedure of parametric 
analysis is to study the designed electronic system, which aims to obtain useful information about its 
properties. The description of the electronic system, in the General case, is a mathematical model of the 
system, which can be represented as a system of equations or in another form [23]. Non-stationary 
characteristics and parameters of individual elements that are part of the electronic system affect the 
characteristics of the entire system and can lead to deterioration of the quality of its operation under the 
influence of external factors. Therefore, the purpose of parametric analysis is to verify the performance of the 
electronic system when changing the parameters of its elements in a certain range, which may be due to 
external factors (e.g., temperature). The specificity of the task of parametric analysis of electronic systems is 
the use of special methods, appropriate structures and technical implementation of such systems. The transfer 
function of the second-order low-frequency filter, implemented based on OA according to the Sallen-Key 
scheme, has the form [24], [25]: 
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The coefficients a; and b; are defined by the expressions: 

Ap =1 

a, = WC, (R, + R2) 

by = WER,R2C,C, 

In Figure 14 the appearance of the dialog box of the developed software designed to analyze the 
frequency characteristics of active low-pass filters of the second order is shown. To perform parametric 
analysis of the circuit and study the effect of temperature change on the characteristics of the filter due to 


changes in the resistance of the resistors, the temperature resistance coefficients al and a2 are used (for the 
first and second resistors, respectively). 


E nl 
A AFCAnalysis baha 


— = 


Your 


Scheme parameters 
Ri: 120 Ohm Ti: 273 K 
Cli 4e-06 z T2:; 353 K 
R2; 100 Ohm dT: 15 K 
C2: 2e-05 F al: 0.0075 Ohm/K 
fi: 0 Hz a2; 0.0002  Ohm/K 
f2: 500 Hz df: 1 Hz 


| Buld AFC] | 


Figure 14. The interface of software tools for constructing the frequency response characteristics of active 
low-pass filter 


In this example, the values of the temperature coefficients of resistance are different, and when the 
temperature changes along with the frequency response characteristics shift in the direction of low 
frequencies also decreases the amount of non-uniformity in the bandwidth of the filter. It is possible that at 
certain values of resistor resistances and resistance temperature coefficients, a change in ambient temperature 
will lead to the conversion of the chebyshev filter into a butterworth filter. 


3.2. Software for calculating and analyzing nonlinear circuits 

From the analysis shown in Figure 13 grapho-analytical structures, it follows that the procedure of 
their transfer is essentially equivalent to those actions that are performed when transforming the structure of 
algebraic expressions. It should be noted that in this situation, the transfer is both complete and incomplete, 
because one of the functional connections of the resistor function f(R2) using the semiconductor function f 
(Ic, Ig) is a functional connection of the resistor function f(Ri). In Figure 15 one of the possible 
implementations of the interface of the software for calculation and analysis of a transistor amplifier with a 
common emitter is shown. The development of information technologies and their close integration with 
electronics have made it possible to implement the tasks of designing and analyzing systems at a qualitatively 
new level, using software that has a graphical user interface. The graphical interface of software for 


Method for describing signal conversion processes in analog electronic systems (Mahmoud Al-Suod) 


90 o ISSN: 2302-9285 


parametric analysis of electronic systems is a tool designed to facilitate the organization of research, 
understanding the results of the analysis and their transfer for use in external applications (Matlab, Mathcad. ). 
The development of such tools is the end result of the implementation of the presented results. 


B 
A Project33 


Figure 15. The user dialog of software for calculation and analysis of transistor amplifier 


4. CONCLUSION 

In the course of the research, the following scientific results were obtained: (1) based on the analysis 
of classical methods of forming mathematical models of electronic circuits, it is established that they have 
reserves for improvement in terms of forming mathematical models of analog electronic circuits, which are 
based on functional structures of operational amplifier, n-p-n and p-n-p structures, (2) functional structures of 
resistor function f(R), semiconductor functions f(n-p-n) and f(p-n-p) are developed, which are presented in 
the form of grapho-analytical expressions and contain information about the processes of signal conversion 
occurring in them, (3)developed tools in the form of software to automate the processes of parametric 
analysis of electronic circuits, which were implemented using object-oriented programming language C++. 
The software has an intuitive user interface and is relatively easy to use compared to known environments for 
modeling electronic systems, which is expressed in the need to specify a minimum set of values to perform 
parametric analysis of the electronic circuit. 

The scientific novelty of the obtained results is that the method for describing signal conversion 
processes in analog electronic systems was improved, based on the use of mathematical models of electronic 
components, presented in grapho-analytical form with increased information content, which allowed to 
integrate component models with object-oriented programming language in the form of functional structures, 
and to simplify the software implementation of methods of electronic circuits parametric analysis to assess 
the impact of external factors on the characteristics of the system, The practical significance of the obtained 
results is that the proposed approach to the analysis of electronic circuits using information technology, on 
the one hand, allows a deeper understanding of the processes of signal conversion occurring in electronic 
systems, and on the other—contributes to the systematic formation of training , in which they will have a 
system of knowledge and skills in relevant areas of electronics and information technology, which in today's 
world are inextricably linked. In addition, the developed software is a tool that can be useful to an electronics 
engineer to perform calculations and analysis at the stage of design and manufacture of electronic systems for 
various purposes. 
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